During a self-boring pressuremeter test (SBPMT), a cylindrical cavity is expanded from finite radius. With this view, a method for estimating volumetric strains in expanding plastic zone based on finite strain analysis is developed to solve the problems related to expansion of cylindrical cavity from a finite radius in sands. Using finite strains, average value of volumetric strains in the plastic zone is calculated at various values of circumferential strains (86) ranging up to about 30%, when the value of angle friction (4) is varying between 25 and 45 degrees and the value of rigidity index (Ir) is varying between 5 and 1000. The dimensional cavity expansion factor (F0 is calculated using cavity expansion theory to develop F," versus coo curves at various values of 0 and Ir. In the companion paper, Gupta (2005) , this method has been applied to analyze the SBPM tests performed in sands for determining 4), Ir, and modulus of deformation (E) at different stress levels.
INTRODUCTION
Recently, finite strain analyses have been used to determine volumetric strains in the plastic zone (Gupta, 2002a) to solve cylindrical or spherical cavity expansion problems in granular soils. After determining volumetric strains (ev) and average volumetric strain (A) in the plastic zone, values of dimensional cavity factors and ultimate internal cavity pressures for granular soils have been accurately determined (Gupta, 2002a) . During penetration of a cone penetrometer or pile, the cavity expansion occurs from zero radiuses producing ultimate conditions in the surrounding soils instantaneously. Therefore, cone tip resistance and ultimate bearing capacity of a pile, is related to ultimate cavity pressures required for expansion of a cavity from zero radius (Vesic, 1972; Gupta, 2002b) , and depends on four parameters, rigidity index (Ir), effective overburden stress (60, angle of friction (0) and Poisson's ratio (v). Since 1978, self-boring pressuremeter (SBPM) has been used to determine soil properties of sand. SBPM can be installed with minimized initial disturbance, and when it is expanded, it simulates the cylindrical cavity expansion from a finite radius, unlike cone or pile penetration, that expands cavity from zero radiuses. SBPM test (SBPMT) data has been analyzed using a method developed by Hughes et al. (1977) , which is based on the stress dilatancy concept of Rowe (1971) and the observed behavior of sand in a simple shear as determined by Vaid et al. (1981) and Stroud (1971) . Based on average stress level within plastic zone, Bellotti et al. (1989) used a method to correct the unload-reload modulus measured during a SBPMT in sand. In this paper, a method based on finite strains for analyzing volumetric strains in expanding plastic zone is developed to determine at any instant of time, the internal cavity pressure required for expanding a cavity from finite radius. Then, in the companion paper, Gupta (2005) , this method has been applied to analyze SBPMT data for estimating soil properties of sand.
Because SBPMT is installed with minimal disturbance, soils are tested in their natural environment. It is known that it is very difficult to obtain undisturbed samples of sand. To obtain undisturbed samples for the research purposes, one method involves first freezing sand at the depth of interest and then extract undisturbed samples of frozen sand to perform the laboratory tests. The freezing method is limited to saturated sand and cannot be used for dry sand. Generally, disturbed samples of sand are obtained and laboratory tests are done on reconstituted samples of sand, thus destroying its natural conditions or environment. By using SBPMT, the tests are performed in undisturbed conditions, and therefore, with an appropriate analysis such as presented in this and the companion paper, it is possible to determine reasonably accurate properties of sand in its in-situ conditions.
INTERNAL CAVITY PRESSURE
When an internal pressure, p(t), at any instant of time t, expands the cylindrical cavity of initial radius Ri to a radius R(t) , cavity expands causing initially very small 
strains, but later, strains increase and a zone around the cavity passes into a state of equilibrium, see Fig. 1(a) . This zone, i.e. area between the face of cavity and the interface of elastic and plastic zones, or cylindrical area between radius of plastic zone, rp, and the radius of cavity {R(t)} at that instant of time, has generally been called as plastic zone. It may be noted that the state of equilibrium develops first at the face of cavity, then, on further expansion, plastic zone begins to grow or expand around the face of cavity. The state of equilibrium develops at every point in the entire expanding plastic zone. Prior to formation of the plastic zone, it is assumed that the stress-strain relationship is linear and a soil element follows path AB, see Fig. 1(b) . When plastic zone expands, the soil element in the plastic zone follows path BC. Using Vesic's cavity expansion theory, the soil both in elastic and plastic zones is considered compressible. At the state of equilibrium, the soil is defined by Coulomb-Mohr shear strength parameters, c and 0. The soil in the elastic zone is assumed to behave as a linearly deformable, compressible and isotropic soil defined by modulus of deformation, E, and Poisson's ratio, v.
Prior to Development of State of Equilibrium
Cylindrical cavity expansion is a plane strain problem, that is, the strain in vertical direction, ez, is zero. This condition can be stated as:
(la)
In path AB, the internal cavity pressure, p(t), acting at the face of the cavity and the radial stress (o-0 and the circumferential stress (O-'00) at a radial distance r(t) from the axis of the cavity are given by (Gibson and (1 e) and (1f) ground stress and for cylindrical cavity, because of plain strain conditions, it is assumed to be equal to effective horizontal stress, afh, (Vesic, 1972) . Prior to cavity expansion, al, in all radial directions is the same and therefore, mean stress, a.;,. in horizontal and radial directions is equal to cif,. 6o is effective overburden stress and yw is unit weight of water. h, is height of ground water above the element under consideration, and K0 is at-rest lateral earth pressure coefficient. arc denotes radial displacement at the face of the cavity and is equal to R(t)-Ri, see Fig. 1 (a). Prior to expansion of cavity, it may be noted that o-;,and abo are equal, but during cavity expansion, o-;r increases while abo reduces by the same amount, see Fig. 1 (b). Since d o-;r= -d 0-'08, using Eq. (la), it can be shown that change in the vertical stress, that is, A az remains zero. a or q' is the mean of a;rr and oree and therefore, during this phase, o-Cmand q' remain equal to the original value of effective horizontal stress, existing prior to the expansion of cavity.
Circumferential strain, coo, at the face of the cavity is given by:
During expansion of SBPM, the values of Ri and R(t) at an applied internal cavity pressure, p(t), are known, and therefore, a p(t) versus coo curve can be plotted or determined using Eq. (1g).
During Expansion of Plastic Zone
For determining the volume changes in the plastic zone, the radial distribution of stresses shall have to be determined. When the state of equilibrium develops for the first time at the face of cavity, state of stresses is represented by Point B in Fig. 1(b) . At Point B, radial stress (o-;p and circumferential stress (as) are given by: It may be noted that during expansion of plastic zone, interface of plastic and elastic zones move from the face of cavity to a radial distance rp, see Fig. 1(a) . At the interface of plastic and elastic zones, the state of stresses is also represented by Point B, and therefore, a.;r and u'op at the interface of elastic and plastic zone are also defined by Figs. 2(a) and 2(b), respectively. Using Eqs. (2a), (2b) and Fig. 1(b) , it can be shown that Note that when r= R(t), o-;,. = p(t) ywhw Substituting value of (7;r, Eq. (5a) can be written as Substituting value of A in Eq. (5a) and rearranging terms, or;r is given by (6) The radius of expanding plastic zone at an internal pressure p(t) is denoted by rp. At r(t) = rp, o-;., equals o-;p and is defined by Eq. (2a). Substituting these values of r(t) and o-;,r in Eq. (6), and rearranging terms, the value of internal cavity pressure, p(t) at time t, is given by (7) Where, (8) a dimensionless cavity expansion factor. F,' is a variable and varies during cavity expansion, depending on the values of circumferential strain at the face of cavity and normalized radius of cavity, re I R(t), even though other parameters such as q' , 4i and Ir may be the same. When the cavity is expanded from initial radius, Ri, the radius of cavity, R(t), and circumferential strain (coo) continue to increase, and when state of equilibrium develops at the face of cavity, the plastic zone begins to form and expand, and results in simultaneous increase of the radius of the plastic zone (rp) and normalized radius of the plastic zone, re I R(t). With increases in normalized radius of plastic zone, the values of Fq and cavity pressure, p(t), increase during expansion of cavity, see Eqs. (7) and (8) .
RADIUS OF PLASTIC ZONE (re)
To determine the radius of plastic zone (rp) at any time t, a relationship stating that the change of volume of the cavity is equal to the change of volume of the elastic zone plus the change of volume of the plastic zone is used (Vesic, 1972) . Denoting the radial displacement at the interface of plastic and elastic zones by crp, this relationship can be written as follows: (9) Where zl is the average volumetric strain in the plastic zone (Vesic, 1972) . At the interface of plastic and elastic zones, ,-and circumferential strain (eop) are given by (Vesic, 1972 ; Gupta, 2002a):
G is shear modulus. Ir is the rigidity index and is defined by (Vesic, 1972 ):
Substituting Eq. (11) in Eq. (9) and rearranging terms, rp when cavity has been expanded to radius R(t) is given by (13a)
The term (1/41/.2 sec 95) is very small and can be neglected, then Eq. (13a) reduces to (13b) During SBPM tests, Ri and R(t) and the applied cavity pressure p(t) are known, therefore, from Eqs. (13a) or (13b), the value of radius of plastic zone (rp) can be determined if the value of the average volumetric strain (d), in the plastic zone is known.
VOLUMETRIC STRAINS IN PLASTIC ZONE
Based on the stress path method of Vesic (1972) , the volumetric strain in the plastic zone is calculated as a sum of the volumetric strain occurring in path AC' and C'C, in lieu of stress path ABC, see Fig. 1(b) . To accurately determine the volumetric strains, finite strain analysis (Gupta, 2002a) as defined by Eq. (14) was used. In path AC' of Fig. 1(b) , the volumetric compression of an element occurs under plane strain conditions of A an= zlcoo and Ezz = 0. At point C' , the increase in stresses, an, aeo, and in strains, err, coo, in an element located at a radial distance r(t) are given by (Gupta, 2002a In paths C'C, increase in (7,, decrease in coo, and strains, en and coo, in an element located at r(t) are given by (Gupta, 2002a 14), the volumetric strain, eve, in paths C'C is given by:
(20)
Total Volumetric Strain in an Element
The total volumetric strain, ev, in the element located at radial distance, r(t), is the sum of evi and Eve. The volume change in an element of volume dV (of width dr and unit height), located at r(t), see Figs. 1(c) and 1(d), is equal to the product of ev and dV. Therefore, the average volumetric strain, A , in the plastic zone, when the cavity has been expanded to the cavity radius, R(t) due to application of cavity pressure p(t) is given by:
Where dV= 2m r(t) dr
ITERATION PROCEDURE AND DISCUSSION OF RESULTS
For the given values of Ir, v, 4 and an assumed value of A, rpl R(t) from Eqs. (13a) or (13b), Fq and p(t) from Eqs. (8) and (7), Err at various normalized radial distances, r(t)IR(t) from Eq. (6), the volumetric strain for elements located at various normalized distances from Eqs. (17) and (20) From Figs. 2 through 5, it can be seen that Fq increases with increase in the value of rigidity index, Ir. For low value of /r = 5 and coo of 10%, and for low value of /r =10 and coo of 5 percent, the state of equilibrium does not develop at the face of cavity, i.e., the soil at the face of cavity remains in elastic state, and the plastic zone does not even begin to form, see Figs. 2 and 3. Therefore, in such cases, the value of (/) cannot be determined, as the state of Figure 6 shows a relationship between coo at the face of the cavity and normalized radius of the plastic zone, sion of the cavity, the radius of the cavity, R(t), increases which results in increase in coo at the face of cavity and also simultaneously results in increase in the radius of the plastic zone (rp). The increase in rp is much greater for higher values of Ir,for example, for Jr= 500, rp/R(t) increases to about 11.6 at e of 20%, but for Jr= 25, it increases to only about 2.8 at the same value of strain. Figure 7 shows the radial distribution of volumetric strain, ev, in the plastic zone, when .1) of sand is 30 and 40 degrees. ev reduces rapidly with increase in radial distance for Ir equal to 25, but reduces gradually to much greater radial distances for Ir of 100 or 500. For L of 25, value of the face of cavity is about 0.018 (i.e. Eq. (12), the value of E can be determined from Ir. In this way, values of ck and E are determined from SBPMT data. It may again be noted that E determined by this procedure is based on linear stress-strain relationship in the elastic zone. However, as explained in the companion paper, Gupta (2005) , real soils exhibit non-linear stressstrain relationship even in the elastic state, and therefore, it becomes necessary to determine as to how the value of E determined by the above method, which uses Vesic's cavity expansion theory based on linear stress-strain relationship for the elastic state beginning from initial point to the point of state of equilibrium, can be used to create a non-linear stress-strain model or in other words, how it can be used to determine secant modulus at failure, Esf, secant modulus at 50% failure stresses, E50, and initial tangent modulus, Ei. The detailed procedure to accomplish this objective is presented in the companion paper, Gupta (2005) .
CONCLUSIONS
The average value of volumetric strain (A) in the plastic zone increases with increase in the radius of cavity during the expansion of cavity when the internal cavity pressure is being increased. The rate of increase in LI is greater for the greater values of rigidity index (Ir). For loose sands with Ir less than 10, the state of equilibrium at the face of cavity is developed at strains exceeding about 5 to 10%, therefore SBPM tests should be performed, by expanding the cavity in excess of 15 percent circumferential strain, in order to determine the value of angle of friction. For the same value of angle of friction (0), the dimensional expansion factor (F0 increases significantly with the increase in rigidity index (4) . However, for the same 
